INTRODUCTION
An appealing ligand with a somewhat flexible conformation and four possible degrees of deprotonation, tetrahydrofurantetracarboxylic acid (H4thftc) has not been widely used till now, and virtually all the crystal structures reported for its salts or complexes contain alkali, alkaline-earth, 1, 2 or d-block metal cations. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] In the f-element series, the complexation of lanthanide ions by H4thftc was investigated in solution, 14, 15 and the complexes formed were shown to be stronger than those with uranyl ion; 15 the weak complexation of the latter cation compared with that of transuranic elements was put to use in a solvent extraction process for nuclear waste reprocessing. 16 However, no crystal structure of a lanthanide or transuranic cation complex with H4thftc has ever been reported, and, apart from the complexes of the cations cited above, the only crystallographically characterized species are three uranyl ion complexes. 17, 18 In the overwhelming majority of the known structures containing H4thftc or its anions, either free or complexed, the molecule retains the achiral trans,cis,trans (2R*,3R*,4S*,5S*) isomeric form of the single species shown to be present in the commercially available acid. 14 In principle, six diastereomeric forms are possible and in some early publications 3, 19 evidence for the presence of more than one has been noted. More significantly, in a recent study of zinc (II) complexes, mainly mixed-ligand species, obtained by solvothermal syntheses, clear evidence was obtained for the isomerization of the achiral acid to the chiral (2R*,3S*,4S*,5S*) form, isolated in good yield in several complexes. 8 An acid-dependent inversion process, relatively rapid at the temperature of solvothermal methods and involving an ene-diol intermediate, was suggested to be the cause of this isomerization and such a mechanism could also explain the observation of related isomerization processes in other alicyclic polycarboxylic acids used to prepare metal ion complexes by solvothermal methods. [20] [21] [22] [23] [24] [25] Thus, under acidic solvothermal conditions, H4thftc can be regarded 3 as being in a dynamic equilibrium involving possibly up to 6 diastereomeric species and thus can be considered as a single-molecule dynamic covalent library, 26 open potentially to selective coordination and amplification of a given isomer depending upon the metal and, as shown in the case of crystalline Zn II complexes, 8 any co-ligands. The present work provides one further example of this selective coordination within a precipitated solid, this resulting from our continuing efforts to characterise the influence of the presence of other heavy metal ions on the structure of uranyl ion/polycarboxylate coordination polymers.
Of the known uranyl ion complexes of H4thftc, which all contain the (2R*,3R*,4S*,5S*) 17 both are metallamacrocycles, with three and four metal centres, respectively, in which one uranyl ion is chelated by the two carboxylate groups in the positions 2 and 5 and is also bound to the ether oxygen donor in between (a tridentate coordination site analogous to that of oxydiacetate), and another one is chelated by the carboxylate groups in the positions 3 and 4 (analogous to succinate).
Under mild conditions, isomerization of the ligand would not be anticipated but the (2R*,3R*,4S*,5S*) configuration is also found in the heterometallic complex [UO2Cu(thftc)(bipy)(H2O)]·2H2O (bipy = 2,2ʹ-bipyridine), where the tetracarboxylic acid is again fully deprotonated, which was obtained under hydrothermal conditions at a temperature of 180 °C. 18 This compound crystallizes as a two-dimensional (2D) array with the {4 4 were processed with HKL2000. 42 Absorption effects were corrected empirically with the program SCALEPACK. 42 The structures were solved by intrinsic phasing with SHELXT, 43 expanded by subsequent difference Fourier synthesis and refined by full-matrix least-squares on F 2 with SHELXL-2014. 44 All non-hydrogen atoms were refined with anisotropic displacement parameters.
The hydrogen atoms bound to oxygen and nitrogen atoms were retrieved from difference Fourier maps, and the carbon-bound hydrogen atoms were introduced at calculated positions; all hydrogen atoms were treated as riding atoms with an isotropic displacement parameter equal to 1.2 times that of the parent atom. In the case of complex 6, 3-component twinning was detected with 48 Luminescence Measurements. Emission spectra were recorded on solid samples using a Horiba-Jobin-Yvon Fluorolog spectrofluorometer. The powdered complex was pressed between two silica plates which were mounted such that the faces were oriented vertically and at 45° to the incident excitation radiation. An excitation wavelength of 420 nm was used in all cases and the emissions monitored between 450 and 650 nm.
RESULTS AND DISCUSSION
Synthesis. Complex 1 only was synthesized at room temperature, while the other complexes were obtained under purely hydrothermal (3) (4) (5) or solvo-hydrothermal (2, 6 and 7)
conditions, the latter with acetonitrile as a co-solvent, in which cases the crystalline materials deposited during the heating phase (140 °C). All the uranyl complexes with variously deprotonated Although it was synthesized in the presence of cadmium(II) nitrate and 2,2ʹ-bipyridine,
, does not contain these additional species and is a unique case of a polymeric homometallic uranyl complex obtained from H4thftc. The additional species in the reaction mixture could influence the solution equilibria both through nitrate and 2,2ʹ-bipyridine complexation of uranyl and pH effects, though the acidity of the aqua-Cd(II) cation would presumably counter the basicity of 2,2ʹ-bipyridine and it can only be said that the overall consequence is to enhance the degree of deprotonation of H4thftc. Note that in only three of the present seven cases does the stoichiometry of the isolated solid reflect that of the reaction mixture.
The asymmetric unit of 2 includes two independent uranium atoms, one of them (U1) located on an inversion centre, and one Hthftc 3-anion ( Figure 2 ). Atom U1 is in the same environment as its is not a very strong one. Pb1 is thus in an irregular nine-coordinate environment that would have a hemidirected character but for the contact with the oxo group. The ligand is in the same form as in the other compounds, but the envelope conformation has atom C4 (in the succinate-like part) displaced by 0.653(8) Å from the mean plane defined by the four other atoms of the ring (rms deviation 0.019 Å), a conformation previously found, for example, in the cesium or calcium salts of partially or fully deprotonated H4thftc, 1 or in the heterometallic uranyl/copper(II) complex of the latter. 18 As in complex 4, the ligand is bound to seven (four lead(II) and three uranyl) metal cations, although they are differently arranged in both compounds (Scheme 1), and this high degree of connectivity results here also in the formation of a 3D framework (KPI 0.78), in which thick layers parallel to (0 0 1) can be discerned ( Figure 5 ). The water molecules are hydrogen bonded to one another and to carboxylate and oxo groups.
Since no structure of a homometallic complex formed by H4thftc with either silver(I) or lead(II) has been reported, it appeared worthwhile to synthesize such compounds so as to compare the coordination modes observed to those in the heterometallic complexes. In the event, this also shown in Scheme 1), it is unsurprising that the polymer generated is 3D and extremely intricate.
The cations appear to be concentrated into layers parallel to (1 0 0), these layers containing cylindrical channels with a diameter of 5 Å running along the c axis ( Figure 6 ). Notwithstanding these narrow free spaces, the KPI value of 0.79 (calculated for only one position of Ag3) indicates that this compound cannot be considered as really porous, at least for any practical purpose.
Unlike the homometallic Ag I complex but like all other complexes in the present study, the Luminescence properties. Solid state emission spectra have been recorded under excitation at a wavelength of 420 nm, a value suitable for excitation of uranyl, 64 for compounds 1-7, and those for the uranium-containing complexes 1-5 are shown in Figure 8 . The spectra of the uranyl-only complexes 1 and 2, and that of the uranyl/lead(II) complex 4 show intense and wellresolved uranyl emission displaying the vibronic progression corresponding to the S11  S00 and S10  S0 ( = 0-4) states. 65 The maxima are at 496, 518, 542, 568 and 596 nm for complex 1, while they are blue-shifted by 2 nm in 2, and red-shifted by 2 nm in 4; some changes in the relative intensities of the peaks are also observed, which could be due at least partly to a very broad single peak seemingly convoluted with the uranyl spectrum in the case of 1 and 4. Weak bands at 477
and 482 nm in the spectra of 2 and 4, respectively, correspond to a shoulder of the first intense band in the spectrum of 1. The positions of the main maxima are very close to those recently measured in an 8-coordinate uranium(VI) complex with 2,5-thiophenedicarboxylate ligands and Ag(bipy)2 + counterions, 66 and also to those in several 7-coordinate complexes, with 4,4'-(1,1,1,3,3,3-hexafluoroisopropylidene)diphthalate, 67 1,1′-biphenyl-2,2′,6,6′-tetracarboxylate, 68 terephthalate, 69,70 and 2,5-thiophenedicarboxylate, 70 irrespective of the different uranium coordination numbers present here (8 in 1, 7 in 4 and a mixture of both in 2), and they are all redshifted, by 10-20 nm, with respect to the values, measured under identical experimental conditions, generally reported for 8-coordinate uranium(VI) carboxylate complexes. 25, 40, [70] [71] [72] [73] [74] [75] [76] Spectra that are nearly identical for 7-and 8-coordinate complexes have also been reported in 4,4′-biphenyldicarboxylate complexes, with maxima positions blue-shifted by 6 nm with respect to those for 1. 77 The slightly unsymmetrical shape of the main peaks for complex 2 may be due to the convolution of signals corresponding to these two coordination numbers. Clearly, if the coordination number is a known factor governing the uranyl emission spectra, other factors such as the ligand strength are also at play. 78, 79 The spectra of the silver-and lead-containing heterometallic complexes 3 and 5 show strong quenching of uranyl luminescence, attributed to the additional metal cations providing nonradiative relaxation pathways. 80 Such quenching is not general with silver(I), 66, 81, 82 although it has been previously observed to occur. 40, 80 In the spectrum of complex 3, in which 7-and 8-coordination of uranium coexist, only three very weak peaks at 481, 502 and 521 nm are apparent, these values being identical to those measured for several 8-coordinate uranyl complexes with carboxylates. 25, 40, [70] [71] [72] [73] [74] [75] [76] These three peaks are superimposed upon a broad emission centred near 490 nm; given that the homometallic Ag I complex 6 displays a broad, weak emission centred near 550 nm ( Figure S1 , Supporting Information), it is assumed that the emission at 490 nm in complex 3 is due to the Ag-carboxylate entity. In a previous study with The specific coordination preferences of silver(I) may also explain its deposition as the complex of the (2R*,3S*,4S*,5S*) isomer of the ligand when no other metal ion is present. That this is the only isomer so far found in the two cases where isomerization of the starting species can be confirmed may mean that the "library" of equilibrated isomers consists of only two members (R*,R*,S*,S* and R*,S*,S*,S*), or that an unfavourable equilibrium is displaced by precipitation, or that the isolated complexes are simply the least soluble materials (when crystallised at room temperature). Further work is required to characterize the equilibrium achieved under hydrothermal conditions with the acid alone and an interesting further experiment would be to search for a metal precipitating the (2R*,3S*,4S*,5S*) isomer as a racemic mixture ("spontaneous resolution") rather than as a racemic compound.
From a crystal engineering viewpoint, it is notable that the homometallic uranyl complexes obtained up to now are either discrete, molecular species when synthesized at room temperature, as complex 1 in the present study or the metallamacrocycles previously reported, 17 
